A new approach to the deposition of Mn12 single-molecule magnet monolayers on the functionalized Au(111) surface optimized for the investigation by means of scanning tunneling spectroscopy was developed. To demonstrate this method, the new Mn 12 complex [Mn12O12(O2CC6H4F)16(EtOH)4]‚ 4.4CHCl3 was synthesized and characterized. In MALDI-TOF mass spectra the isotopic distribution of the molecular ion peak of the latter complex was revealed. The complex was grafted to Au(111) surfaces via two different short conducting linker molecules. The Mn 12 molecules deposited on the functionalized surface were characterized by means of scanning tunneling microscopy showing homogeneous monolayers of highest quality. Scanning tunneling spectroscopy measurements over a wider energy range compared with previous results could be performed because of the optimized Au(111) surface functionalization. Furthermore, the results substantiate the general suitability of short acidic linker molecules for the preparation of Mn 12 monolayers via ligand exchange and represent a crucial step toward addressing the magnetic properties of individual Mn12 single-molecule magnets.
Introduction
In the last two decades single-molecule magnets 1 (SMMs) have attracted much attention because of their unique magnetic properties such as quantum tunneling of magnetization 2 (QTM) and hysteresis of pure molecular origin 3 making them potential candidates for future applications as basic units in information technology devices. 4 The most widely investigated and first discovered 5 SMM is "Mn 12 acetate" 6 (1) which allows for the tailoring of the ligand shell thus facilitating the synthesis of a broad variety of derivatives. 7 To date, experiments on the magnetic and electronic properties of SMMs have been performed mostly on crystals and powders [8] [9] [10] [11] while the magnetic as well as the electronic properties of individual molecules or SMM monolayers on surfaces remain to a large extent unknown. Two possible experimental approaches to the investigation of the fundamental physical properties of individual Mn 12 molecules are feasible: transport measurements in a single-molecule transistor geometry [12] [13] [14] [15] or scanning tunneling spectroscopy (STS). For STS investigations, Mn 12 complexes must be grafted to an appropriate surface. Recently, several different approaches to this goal have been reported, such as direct deposition of Mn 12 complexes via sulfur containing ligands, [16] [17] [18] [19] bonding of Mn 12 complexes to functionalized Au(111) or Si(100) surfaces via ligand-exchange reaction, [20] [21] [22] 23 In a recent study 24 the direct deposition of a Mn 12 complex via sulfur-containing ligands on the bare Au(111) surface was compared with the bonding of the same Mn 12 complex to a functionalized Au(111) surface via ligand exchange reaction. In the case of direct deposition the complete destruction of Mn 12 clusters due to the strong gold-sulfur interaction was revealed. However, for Mn 12 clusters on the functionalized Au-(111) surface the integrity of the Mn 12 core could be substantiated by means of X-ray absorption spectroscopy and X-ray photoemission. 24 In this paper we present a method that allows for a reliable deposition and investigation of a broad variety of Mn 12 derivatives on the functionalized Au(111) surface using short acidic highly conductive linker molecules giving a possibility to investigate the electronic structure of the deposited SMMs by STS. In contrast to previous publications in which a very flexible linker molecule (16-mercaptohexadecanoic acid) was used to functionalize the Au(111) surface, 20 we did not focus our interest on the sterical aspects of the ligand exchange reaction. This ligand exchange reaction of Mn 12 is a chemical equilibrium which is driven to completion by using a more acidic carboxylic acid for substitution than the replaced carboxylic acid. For a successful ligand exchange reaction we postulated that the pK a difference is more important than the flexibility of the linker molecule. Furthermore for STS investigations linker molecules should be short and should ensure an appropriate electronic coupling between the Mn 12 complex and the Au(111) surface. 25 To this end, alkanes with long saturated chains are known to exhibit a lower conductivity 26 while the molecules with delocalized π-electrons should be more suitable because of their conductor-like behavior in STS experiments. 27 All of these conditions are fulfilled by the linker molecules used in the present experiments: 4′-mercaptooctafluorobiphenyl-4-carboxylic acid (4-MOBCA) and 4-mercapto-2,3,5,6-tetrafluorobenzoic acid (4-MTBA). To demonstrate our method we describe the synthesis and the characterization of the new Mn 12 compound [Mn 12 O 12 (O 2 CC 6 H 4 F) 16 (EtOH) 4 ] (2)‚4.4CHCl 3 first and present details of its deposition on the Au(111) surfaces functionalized by 4-MOBCA as well as 4-MTBA afterward. Furthermore, we present the investigation of the electronic structure of 2 grafted on the functionalized Au(111) surfaces by means of room-temperature ultrahigh vacuum STS.
Experimental Section
Compound Preparation. All chemicals and solvents were used as received. [Mn12O12(O2CCH3)16(H2O)4] (Mn12ac) 6 (1) and 4-mercapto-2,3,5,6-tetrafluorobenzoic acid 32 were prepared as described elsewhere. Details of the synthesis and the characterization of 4′-mercaptooctafluorobiphenyl-4-carboxylic acid are given in the Supporting Information.
[Mn 12O12(O2CC6H4F)16(EtOH)4] (2)‚4.4CHCl3. A slurry of 1 (0.5 g, 0.24 mmol) in a solution of p-fluorobenzoic acid (0.82 g, 5.8 mmol) in CH 2Cl2 (60 mL) was stirred overnight, and the solvent was evaporated under reduced pressure. Toluene (30 mL) was added to the residue to remove acetic acid, and the solution was again evaporated. The addition and removal of CH 2Cl2 and toluene was repeated three more times. The remaining solid was redissolved in CH2Cl2 (70 mL) and filtered through kieselguhr. An equal volume of hexane was added, and the solution was allowed to stand undisturbed at 4°C for 3 days. The resulting black crystals were collected by filtration, washed with hexane, and dried in vacuo. A crystallography sample was grown slowly from CHCl 3 solution covered with hexane at 4°C in 3 weeks and maintained in mother liquor to avoid solvent loss. Anal. Calcd (found) for dried C112H72F16Mn12O48: C, 42.72 (42.69); H, 2.30 (2.22). Selected IR bands (KBr pellet, cm X-ray Crystallography. Crystal data for 2:
3 ) ) 1.669, 260504 reflections collected, 37570 unique (Rint ) 0.162), R1 ) 0.0580, wR2 ) 0.1354, using 19439 reflections with I > 2σ(I) to refine 1971 parameters. The data collection was performed at a STOE IPDS-II diffractometer equipped with a graphite monochromated radiation source (λ ) 0.71073 Å) and an image plate detection system. The selection, integration, and averaging procedure of the measured reflex intensities, the determination of the unit cell by a least-squares fit of the 2Θ values, data reduction, LP correction, and the space group determination were performed using the X-Area software package delivered with the diffractometer. A semiempirical absorption correction method was performed after indexing of the crystal faces. The structure was solved by direct methods (SHELXS-97) 33 and standard Fourier techniques against F 2 with a full-matrix leastsquares algorithm using SHELXL-97 and the WinGX (1.70) 34 software package. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in calculated positions and refined with a riding model. Because of the noncentrosymmetric space group and a Flack parameter about 0.532 an absolute structure refinement was performed using the SHELX-97 TWIN instruction. One p-fluorobenzoate molecule is disordered over two positions, whose site occupancy factors were dependently refined to 70:30%. Because of the weak occupancy of the second position the participating ethanol molecule could not be localized. Five chloroform molecules could be found in the solvent accessible voids of the structure. The occupancy factors of four chloroform molecules were determined to 100%, of one chloroform molecule to 40%. Several Cl atoms have to be split in two parts because of the strong disorder of the chloroform molecules. Physical Measurements. C, H elemental analysis was carried out in a Heraeus CHN-O rapid analyzer on samples recrystallized from CH2Cl2 and dried in vacuo. IR transmission spectra were recorded at room temperature in a Perkin-Elmer 1600 FT-IR spectrometer. MALDI-TOF mass spectra were recorded on a Bruker Biflex III spectrometer in the positive, reflector mode with a delayed extraction MALDI source and a pulsed nitrogen laser (337 nm). The sample was prepared by mixing a solution of 2‚4.4CHCl 3 in CHCl3 (3 µL, 10 mg/mL) with a solution of the matrix in CHCl3 (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile, 10 µL, 30 mg/mL). A 0.8 µL-aliquot of the mixture was placed on the target plate, evaporated in air, and transferred to the mass spectrometer for analysis. A Quantum Design MPMS XL5 system was used to perform magnetic measurements.
The Au(111) single crystal was Ar+ sputtered at 800 eV and annealed to 600°C. 2 mM 4-mercapto-2,3,5,6-tetrafluorobenzoic acid (4-MTBA) solution in ethanol (5 min) and 2 mM 4-mercaptooctafluorobiphenyl-4′-carboxylic acid (4-MOBCA) solution in ethanol were used for functionalization of the Au surface. The Au(111) single crystal was rinsed thoroughly with ethanol and dichloromethane. After drying with N 2 the functionalized crystal was immersed in a 0.04 mM solution of 2 for 10 min and dried carefully under strict exclusion of water. We found that only samples prepared from carefully selected single crystals were suited for a reliable deposition. The samples were introduced into the ultrahigh vacuum (UHV) chambers via ultrafast load locks to avoid surface contaminations. STM, STS, and XPS measurements were performed with an Omicron Multiprobe UHV system (base pressure 10 -11 mbar) at room temperature. In all STM experiments performed with the Omicron VT AFM/STM electrochemically etched tungsten tips, flash-annealed by electron bombardment were used. Scanning parameters for the images shown in Figure 4a and 4c were U T ) 1 V and IT ) 6.9 pA; in Figure 4b and 4d UT ) 2 V and I T ) 6.9 pA. XPS spectra were collected using the nonmonochromatized Al KR (1486.6 eV) line. The energy resolution of the Omicron EA 125 analyzer was set to 0.65 eV full width at half-maximum. Magnetic Measurements. The SMM character of complex 2‚4.4CHCl 3 was confirmed by SQUID magnetometry measurements in the 1.7-2.3 K range (Figure 3) . The hysteresis loops show the characteristic steps, separated by plateaus, indicating QTM. The slight broadening of the steps is due to the different orientation of the easy axes of the two molecular species within the single crystal resulting in transverse field components. From all characterizing data above we conclude that compound 2‚ 4.4CHCl 3 is a new member of the SMM Mn 12 family. Surface Preparation and Characterization. For the preparation of the functionalized Au(111) surface a gold single crystal was dipped into a solution of 4-MOBCA or 4-MTBA. Since complex 2 will be reduced to Mn II fragments by free thiol groups, 17 the Au(111) surface was rinsed thoroughly with ethanol and dichloromethane to clean it from residual acid. After the Au(111) surface was immersed in the 4-MOBCA (4-MTBA) solution the typical Au(111) surface reconstruction is no more visible (Figure 4a and 4c) . X-ray photoelectron spectroscopy (XPS) shows the presence of fluorine and carbon signals confirming the successful deposition (see Supporting Information). For the deposition of complex 2 via the ligand-exchange reaction the functionalized Au(111) single-crystal surface was dipped into a solution of 2 in dichloromethane. Complex 2 used for preparation was of highest crystalline quality. Even a small amount of Mn II and Mn III fragments remaining from synthesis leads to the passivation of carboxylic groups on the Au surface preventing the deposition of 2. In this case flat clusters with an average height of 0.1-0.3 nm were visible in STM images and a weak Mn 2p peak in XPS spectra was observed, although no intact Mn 12 molecules were grafted on the surface. In the case of successful deposition a very homogeneous and dense layer of clusters could be detected by STM (Figure 4b and 4d) . The deposited Mn 12 clusters have a diameter of 2.4 ( 0.2 nm full width at half-maximum and an average height of 1.2 ( 0.1 nm. The apparent diameter of the molecules is slightly larger than the expected diameter of about 2 nm derived from the crystal structure; that can be explained by the apex geometry of the STM tip used in this experiment. In addition, Mn 12 clusters deposited on the functionalized Au(111) surface could not be moved by the STM tip across the surface during scanning that indicates a successful chemisorption of the Mn 12 clusters.
Results and Discussion

MALDI-TOF Mass
To substantiate the thesis of the ligand exchange mechanism we prepared a monolayer of 2,3,5,6-tetrafluorothiophenol on the Au(111) surface and tried to deposit Mn 12 complexes from dichloromethane solution. In STM images, which were comparable with those in Figure 4a and 4c, no hints for the deposition of 2 could be found. In XPS only a very weak Mn 2p signal indicating traces of adsorbed manganese impurities was observed. A second test regarding the stability of the monolayer and the ligand exchange reaction in the presence of solvent was performed by treating the monolayer of Mn 12 molecules deposited on the functionalized Au(111) surface with solutions of carboxylic acids in dichloromethane for 5 min. STM and XPS measurements showed that all Mn 12 molecules were removed from the functionalized surface. These results indicate that the ligand-exchange reaction with the functionalization layer is a highly dynamic and gentle process that permanently occurs in solution. Hence, a "snapshot" of the process seems to be generated when the sample is removed from the solvent. Both I-U curves obtained at the center of compound 2 clusters deposited on the 4-MOBCA functionalized Au surface show a line shape revealing a broad region of low conductivity. In case of compound 2 deposited on the 4-MTBA functionalized surface (Figure 4d ) we found that increasing the bias voltage beyond -1.2 V during STS measurements leads to large instabilities in the I-U spectra. In contrast to 4-MTBA, the use of 4-MOBCA was found to be more advantageous since no instabilities in the STS spectra in both positive and negative bias voltage ranges were observed. This allows for the investigation of a broader energetic region near the Fermi energy compared with the previous studies. 25 Moreover, STS measurements at different set voltages were possible on 2 deposited on the 4-MOBCA functionalized Au(111) surface (see Figure 4b) . The I-U characteristics in the region of the positive bias voltage (Figure 4b ) are comparable to that presented in Figure 4d showing a slightly smaller region of low conductivity. The width of the latter region was determined to be about 2 eV ( Figure  4b ) that is close to the value measured for another Mn 12 derivative bound to the Au(111) surface. 25 The STS spectrum obtained at a set voltage of 1.7 V (Figure 4b ) is nearly symmetric. This symmetry indicates that the electrostatic coupling between molecule and substrate is comparable to the coupling between tip and molecule. 26 In previous studies this condition was used to estimate the E F -HOMO difference, which is one-fourth of the measured energy gap width. 26 Assuming a negligible contribution from the ligands as well as from the linker molecules because of their expected conductor-like behavior in STS measurements, application of this formalism to compound 2 yields a value of 0.5 ( 0.2 eV. This value would be in reasonable agreement with the electronic structure found in the combined experimental and theoretical study of Mn 12 -acetate. 29 In the latter study the experimental spectroscopic data was compared with electronic structure calculations in the frame of local density approximation taking into account the on-site Coulomb interaction (LDA + U) and was found to be in good agreement with the experimental spectra for U ) 4 eV which also delivers reasonable values for the energy gap. 29 On the other hand, in the different optical studies the value for the energy gap in Mn 12 was estimated to be 0.74 30 or 1.7 eV. 31 However, the exact determination of the real value of the full energy gap of individual Mn 12 molecules requires a large set of additional STS measurements upon variation of tunneling conditions. Nonetheless, the good agreement between the present experimental and previous theoretical results on the electronic structure of Mn 12 indicates that the use of short highly conductive ligands and linker molecules allows the conservation of the molecular electronic structure during the deposition and facilitates direct access to the electronicsand consequently to the magneticsproperties of the Mn 12 core.
Conclusions
We synthesized and characterized the new Mn 12 complex 2‚ 4.4CHCl 3 . An optimized method using short acidic linker molecules for the wet chemical deposition of Mn 12 complexes on the Au(111) surface was developed. The method should be widely applicable to Mn 12 complexes with very different ligand shells. STS measurements revealed the presence of an energy gap in individual Mn 12 molecules deposited on functionalized Au(111) surfaces that is in reasonable agreement with previous experiments and calculations. The results represent a crucial step toward addressing the magnetic properties of individual Mn 12 single-molecule magnets by means of scanning tunneling spectroscopy.
